The aim of this study was twofold, first to determine the effect of field view size and second of illumination conditions on the selection of unique hue samples (UHs: R, Y, G and B) from two rotatable trays, each containing forty highly chromatic Natural Color System (NCS) samples, on one tray corresponding to 1.4°a nd on the other to 5.7°field of view size. UH selections were made by 25 color-normal observers who repeated assessments three times with a gap of at least 24 h between trials. Observers separately assessed UHs under four illumination conditions simulating illuminants D65, A, F2 and F11. An apparent hue shift (statistically significant for UR) was noted for UH selections at 5.7°field of view compared to those at 1.4°. Observers' overall variability was found to be higher for UH stimuli selections at the larger field of view. Intra-observer variability was found to be approximately 18.7% of inter-observer variability in selection of samples for both sample sizes. The highest intra-observer variability was under simulated illuminant D65, followed by A, F11, and F2.
Introduction
Color perception is a subjective sensory experience. The underlying reasons for our individual experiences are not fully known. We can only describe these experiences in simple metaphorical terms. Of fundamental interest in visual perception is that of color. Of all senses probably most is known about vision yet our understanding of the complex neural mechanisms pertaining to vision is quite primitive (Hubel, 2005) . A central issue in the perception of color is that of unique hues (UHs). Among various characteristics of color perception, the existence of the four unique hues is one of the most striking. UHs form an important section of the unsolved color perception puzzle and all attempts to understand and track down the underlying neural processes have so far failed to yield a conclusive mechanism. It has long been postulated from psychophysical studies, that the existence of unique hues depends on signals derived from differences between cone responses. Yet up to now perceptual data pertaining to unique hues cannot be fully expressed by any neurophysiological color vision theories.
According to Ewald Hering's opponent color vision theory (Hering, 1905; Hurvich & Jameson, 1964) there are four fundamental hues (Urfarben) which cannot be described by any terms other than their own. These are yellow, red, blue and green. A unique red (UR) for example, is a red that is perceived to be as neither yellowish nor bluish, its two adjacent neighboring unique hues. A similar description can also be given for the other unique hues based on their respective neighboring unique hues. In Hering's model there are three neurophysiological opponent color channels which form the red-green, yellow-blue, and black-white opponencies. Interpretation of signals from these channels results in a perceived color. The spectral null points of the red-green and blue-yellow opponent processes correspond to the sensation of UHs (Abramov & Gordon, 2005) . In a recent study the perceptual prominence of Hering's opponent hues was supported .
However, while Hering first assumed that the Y-B and R-G processes are complementary he then had to concede that the R-G process is not. Since Hering's time many efforts have been devoted to the understanding of the mechanisms pertaining to processing of UHs in eye and brain. An important study in the 20th century is that of Jameson and Hurvich (1955) . Their approach employed a hue cancellation method whereby the observers adjusted, for example, the amount of test light perceived as UB (475 nm) until it cancelled or balanced the effect of yellowness in a light of 550 nm, perceived as yellowish green, so that its hue was perceived as UG. Psychological data was thus obtained that allowed selection of a specific wavelength for each observer for UY, UB and UG. The situation is more complex for UR where many observers place it outside the spectrum. In fact they considered light of 700 nm for the average observer to be 80% R and 20% Y and noted that for many observers a spectral selection of UR could not be http://dx.doi.org/10.1016/j.visres.2015.03.023 0042-6989/Ó 2015 Elsevier Ltd. All rights reserved.
made (Kuehni, 2001; Pridmore, 1999) . This study was followed by several other investigations that aimed to determine the linearity, homogeneity and additivity of UHs Knoblauch, Sirovich, & Wooten, 1985; Larimer, Krantz, & Cicerone, 1974 . It was found that dominant wavelengths of UG, UB and UY are invariant under moderate luminance changes (Knoblauch, Sirovich, & Wooten, 1985; Larimer, Krantz, & Cicerone, 1974) . It has also been found that complementarity holds for UY and UB, however, consistent failures of complementarity were observed for UR and UG (Burns et al., 1984; Ikeda & Ayama, 1980; Knoblauch, Sirovich, & Wooten, 1985; Werner & Wooten, 1979) .
The curvatures of constant hue loci on chromaticity diagrams indicate that the criteria for constant hue, including those of the unique hues occur after the linear stage of color vision, and hence after the absorption of light in the cones. The fact that UR and UG are not complementary, indicates that the criteria for UR and UG are different from one another and that those for UY and UB may also be different from one another (Hunt, 2009 ). Lennie and coworkers showed that neurons are tuned to directions other than the cardinal cone-opponent axes in striate (Lennie, Krauskopf, & Schlar, 1990) and Kiper et al. showed the same in the extrastriate areas of the visual cortex (Kiper, Fenstemaker, & Gegenfurtner, 1997) .
The detection of a kind of opponent cone signal processing in the lateral geniculate nuclei (LGN) was considered a promising finding in the understanding of UHs (Lennie, Krauskopf, & Schlar, 1990) . However, the related spectral responses do not correlate with UHs as was shown by Webster et al. (2000a,b) and Abramov and Gordon (2005) . Wuerger, Atkinson, and Cropper (2005) also recently showed that the opponent processes apparently required for processing UHs must be different from those identified in LGN neurons. Additionally, it has been noted (Derrington, Krauskopf, & Lennie, 1984; Hunt, 2009; Wuerger et al., 2005) that high level neural mechanisms presumably can determine the variation in perception of UHs under given conditions in part based on the previous visual experience of the observer. Indeed Mollon and Jordan pointed out that observers' selection of UHs relate to natural light sources like the sun and natural surrounds such as the blue sky (Mollon & Jordan, 1997) .
Conway et al. in a recent study of neural processing of color in live macaque monkeys reported resolvable aggregates of cells within a specific layer of extra-striate cortex, indicative of the parallel processing of separate streams of visual information, active across the visual field in the visual cortex, denoted globs, that seemed to be highly tuned to sensations of red, blue and green signals. The findings also showed a relatively indistinct peak for yellow (Conway, Moeller, & Tsao, 2007; Stoughton & Conway, 2008) . The recordings were made in the posterior inferior temporal cortex (PIT) which showed that many of the neurons in this part of the brain appear to have sharper chromatic tuning than is found in the early visual system (LGN) and as a population, the tuning does not correspond to the cardinal axes of the early visual system. Since highly chromatic stimuli where used in Conway's study Mollon challenged their inference (Mollon, 2009) and pointed out that a stimulus set consisting of maximally vivid colors results in varying the magnitude of cone contrast measured against the adapting background from one color to the next, with red and blue generating the highest cone contrast. It may be possible that the glob neurons provide inputs to subsequent stages of processing in inferior temporal cortex that may be the immediate neural correlates of UH percepts. Along the visual pathway, the cone signals are presumably transformed from linear responses typical of the LGN into nonlinear responses corresponding to color perception. Nonetheless, a cortical origin for the UHs has not yet been established.
Determinations of UH stimuli are important in the development of perceptually uniform color spaces as well as color appearance models (Kuehni, Hinks, & Shamey, 2008) . UH determinations are also important because spectral boundaries of basic hues are confined by UHs (De Valois & De Valois, 1993; Gordon & Abramov, 2001) . In order to ascertain the position of UHs in a psychophysical color solid a large number of studies have been carried out (Abramov & Gordon, 2005; Ayama, Nakatsue, & Kaiser, 1987; Kuehni, 2001; Malkoc, Kay, & Webster, 2005; Nerger, Vollbrecht, & Ayde, 1995; Pridmore, 1999; Rubin, 1961; Schefrin & Werner, 1990; Webster et al., 2002) .
Owing to the complex features associated in experiencing color, historically several perceptual color order systems have been introduced. Two important proposals for perceptual representation of object color order include the Munsell system of hue, value and chroma and the Swedish Natural Color System (NCS) NCS Color AB. The mentioned seminal work by Hering laid the foundations for the development of Natural Color System (NCS). The experimental basis of NCS has been described by Hård & Sivik (1981) . According to NCS, any color can be described in terms of its similarity to elementary colors yellow, red, blue, green, as well as white and black. The cardinal axes of the NCS system represent average UH selections by a limited number of Swedish observers.
The process of selecting stimuli representing UHs for an observer from a set of objects, under a given light source sounds relatively simple. However, significant variations in the choices of stimuli for color normal observers under well-controlled environments have been observed. Kuehni examined the large inter-observer differences in UH stimuli selections for several datasets (Kuehni, 2004) . Differences between male and females' selections have been found to be statistically insignificant (Hinks et al., 2007; Kuehni, 2004; Shamey, Sedito, & Kuehni, 2010) . The possible bases for overall variability include the physical nature of colorants and light sources along with differences in test methodology employed, neurobiological operations in the visual system when processing color signals, and the complex and unknown transition of material stimuli to psychological experiences (Kuehni, 2004; Shamey, Sedito, & Kuehni, 2010) . Results indicate the UG selection has the highest variability and that UH selections comprising color chips exhibit lower variation compared to selections involving spectral lights. At this time there is no solid hypothesis for this experimental fact.
From a physiological standpoint an important parameter that may affect the type, quantity and interpretation of signals generated by cones is macular pigmentation (MP) present in the macula, which has the highest density within the central 7 mm 2 of retina.
The spectral sensitivity of MP is highest in the blue-green region ($400-520 nm) and peaks at approximately 460 nm. This absorption occurs before light is incident on the photoreceptors (Davies & Morland, 2004) . Therefore, MP acts like a broadband filter that absorbs the short wavelength light and not only affects the S-cone extinction function but also the interpretation of signals in the Y-B opponent chromatic channel (Welbourne et al., 2013) . The MP density is not constant and is high in the foveal region (0°) and drops off with increasing eccentricity and reaches almost zero at around 10°field of view. The distribution may be represented by an exponential decay function (Hammond, Wooten, & Snodderly, 1997) . Several reports indicate that macular pigmentation optical density (MPOD) varies among color normal subjects (Loughman et al., 2010) . This variation may result in differences between observer color responses (Davies & Morland, 2004) and has been linked to the large variability in selections of UG stimuli. Observers with higher MPOD are reported to select stimuli at longer wavelengths as representative of their UG percepts. An increase in MPOD, will reduce the excitation of S-cones which will affect the output generated by chromatic channels (Davies & Morland, 2004) . However, reports pertaining to the effect of macular pigmentation on color vision are contradictory and some studies indicate that the visual experience may not be affected by the MP since a built-in compensation mechanism in the Y-B opponent color channel exists which overcomes the reduction in the quantity of the blue signals received, while the R-G response is not affected by the MP at all (Hammond, Wooten, & Snodderly, 1997; Loughman et al., 2010) . Variations in visual circuitry may also alter the perception of visual signals in certain manners for example by delaying, inverting, or distorting signals (Hibino, 1992) . In a study pertaining to the effect of rod biases on UH selections Buck et al. indicated that biases varied among observers but that green versus red was enhanced at UY and sometimes at UB and also blue versus yellow was enhanced for both UG and UR versus red at UY and sometimes at UB. They also stated that rod biases were enhanced for blue versus yellow at both UG and UR and that they were enhanced for red versus green at UB (Buck et al., 2012) . The role of enhanced S-cone signals on contrast sensitivity has also been reported (Ripamonti et al., 2014) . The distribution of cones across the retina varies and exhibits a peak in the fovea and a reduction to $50% around 1.75°eccentricity and to less than 5% in the 20°eccentricity (Color and Vision Research Labs, 2014). S-cones represent 10% of the total density of photoreceptors with a distribution which is different from that of the L and M cones and are absent in fovea within 0.35°eccentricity. The highest number of S-cones, approx. 20%, is present at 1°, decreasing to $12-14% at about 5°and approximately 7-8% in the peripheral retina (10-20°eccentricity) (Ahnelt, Kolb, & Pflug, 1987; Foster, 2011; Williams, MacLeod, & Hayhoe, 1981) . The decrease in the number of S-cones across retina is less rapid compared to other cone types and levels off around 5° (Castań o & Sperling, 1982) . The spectral sensitivity of S-cones also peaks around 1°and falls off gradually if tested with a flash and more rapidly using a steady test field (Calkins, 2001) . The steady test field sensitivity is reportedly dependent on the cone density while sensitivity to flash depends on the light collecting ability of these cones (Calkins, 2001 ). Thus, variations in the type, length and distribution of photoreceptors within retina may result in potential variability in the integration of signals that are received from different retinal regions.
In a previous study we examined UH stimuli selections based on NCS color chips (Shamey et al., 2011) and showed that observers found it simpler to correctly estimate components of hues alone than hues together with white and black and that the components of UHs of higher chroma were easier to estimate than those of lower chroma. We also found that, for R and G, the mean UH choices of observers differed very little from the NCS's R and G, whereas selections for yellow and blue deviated, the former by 1.22 hue steps (slightly greener than G90Y), and the latter by 1.36 hue steps (represented approximately by R85B). In order to further enhance the current understanding of UH selections several factors affecting stimulus choices that represent UHs, including chroma, lighting conditions (Kuehni, 2014) and the field of view size should be studied.
In the present study stimuli representing UHs were selected by a group of observers under four different illumination conditions, using a set of high chroma NCS samples. Variations in UH stimuli based on each illumination condition were determined for two fields of view that corresponded to 1.4°and 5.7°. Selections based on a given illumination condition were also calculated for observers after adaptation to light sources using the CAT02 chromatic adaptation transform (CIE Technical Committee 1-48, 2004 ). The change in hue for each UH selection was also compared under different settings.
The following hypotheses, pertaining to the UH selection of object colors under controlled viewing conditions, were tested to determine the effect of light source and field view size on UH stimuli selections.
1. UH stimuli selections will differ based on field of view size of the presented object stimuli. Since no direct means of comparing the visual apparatus of observers was available the underlying assumption employed was that variations would be due to differences in macular pigmentation, cone density and type, length and population of photoreceptors in the central and the near periphery of the visual system. 2. UH selections will vary under different light sources due to color rendering of light sources as well as color inconstancy of object stimuli. 3. Observers' variability in selection of UH stimuli will be higher for the 5.7°field of view than 1.4°due to the larger variation in receptor distribution, cone density and macular pigmentation among observers in the near periphery region. Furthermore, in agreement with previous studies, intra-observer agreement (repeatability) in the selection of UH stimuli will be higher than inter-observer agreement (reproducibility).
Method
A standard set of NCS color samples was purchased and samples were cut into two sizes for selection of UHs under different light sources. Fig. 1 , shows the two sets of samples on rotatable circular trays each containing 40 highly chromatic NCS colored samples, arranged according to hue but randomly numbered, from 1 to 40, at a constant radius to minimize bias during judgments.
Each tray was painted with a neutral gray paint (to approximately Munsell N7.5) to match the interior of the viewing booth. The first tray, NCS1, contained samples of identical size (1.5 Â 1.5 cm) corresponding to approximately 1.4°visual subtense under the viewing conditions (approximating CIE 2°S tandard Observer). Samples on the second tray, NCS2, were cut to 2 Â 4 cm and corresponded in length to 5.7°visual subtense (approximating CIE 10°Standard Observer). The selection sizes were based on limitations in NCS sample sizes purchased. The trays were displayed sequentially within a calibrated SpectraLight III viewing booth (X-Rite) which has a neutral grey interior with lightness, L ⁄ , of 71.90 (approximately Munsell N7.5). Samples on each tray were placed on the floor of the viewing booth and viewed binocularly by each observer in sequence at a 0/45 illumination/viewing geometry. The viewing booth was diffusely illuminated, in sequence first with filtered tungsten bulbs simulating CIE illuminant D65; then tungsten bulbs simulating illuminant A; followed by cool white fluorescent (CWF) and narrow band tri-phosphor TL84 fluorescent bulbs simulating illuminants F2 and F11 respectively. Light sources were characterized using a SpectraScan PR670 spectroradiometer, by measuring the radiance from a PTFE standard white tile placed on the floor of the viewing booth. Results are given in Table 1 and Fig. 2 , with spectral power distributions of sources normalized at 550 nm for both CIE 2°and 10°observer functions. Differences are due to the use of different standard observer functions as well as random variability between two measurements.
All extraneous lights were switched off during the course of the experiments and observers were required to wear a grey lab coat as well as gray gloves to minimize the effect of surround on assessments and to protect samples. Observers sat at a set distance in front of the viewing booth and were then adapted to each light source for 2 min, during which time the experimental procedure was explained. For each light source, both trays were displayed in sequence. Observers were provided with a definition of UHs, e.g. a UY was defined as a yellow stimulus that is neither reddish nor greenish in appearance. The task of the observer was to point to the sample that represented, for them, each of the unique hues.
Observers were allowed to rotate the tray to arrive at their selections and no time limit was placed for selections. The number associated with the selected samples was then recorded by the experimenter. Each tray was first illuminated using the light source simulating illuminant D65 followed by those representing illuminants A, F2 and F11. Each assessment was repeated three times with a time interval of at least 24 h between trials. Fig. 3 shows the location of all samples on the CIE a
⁄ values of colored samples were measured using a Datacolor Check ProTM handheld spectrophotometer. The conditions used for measurements were: illuminant D65, 1931 CIE standard colorimetric observer (2°) for NCS1 and CIE 1964 supplementary standard colorimetric observer (10°) for NCS2 samples with specular light and UV included. In Table 1 , L w , L a , and D represent the absolute luminance of the white point in cd/m 2 , luminance of the adapting field in cd/m 2 and the calculated degree of adaptation (discounting) respectively (F was set to 1 for average surround) (CIE Technical Committee 1-52, 2004).
Observers
A total of 25 observers with normal color vision participated in this study (12 females and 13 males). The Neitz Test for Color Vision was administered to each observer prior to the assessments to ensure all observers had normal color vision. Psychophysical assessments were done in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Observers ranged in age from 18 to 45 years (mean age = 22) and came from different ethnic backgrounds. Most were students of North Carolina State University and while they had received basic training on the concepts of Natural Color System and UHs prior to the experiment, they were naïve regarding the purposes of the experiment. A total of 2400 hue selections (25 Observers Â 3 trials Â 2 trays Â 4 unique hues Â 4 illumination conditions) were thus obtained.
Results and discussion
The responses obtained from each observer were used to calculate mean UH stimuli selections. NCS notations were converted into their corresponding CIELAB hue angles (Wyszecki and Stiles, 1982) to determine the mean hue angle for selections, and to statistically analyze observer variability.
Unique hue stimuli selections
The frequency of sample selections and the mean NCS samples representing UH stimuli based on NCS1 and NCS2 trays were calculated. Out of 40 NCS samples used in this experiment, a total of 21 samples (52.5%) were selected by at least one observer as representative of UH stimuli when using the 1.4°sample tray and 26 samples (65%) when using the tray with 5.7°samples. This alone, shows the significant variability amongst observers in determination of stimuli that to them represent UHs. Moreover, selections also indicate that the range is larger for the larger field of view. Polar histograms based on CIE a ⁄ b ⁄ space representing the frequency of %UH selections for all observers and the four lighting conditions and the two fields of view employed are shown in Fig. 4 . The mean UH selections are shown on solid lines and the percentage selection frequency values are presented by radian contours. The mean UH angles according to lighting conditions and field of view are summarized in Table 2 .
In general, sample ranges are in good agreement with the previously reported results (Hinks et al., 2007; Shamey, Sedito, & Kuehni, 2010; Wuerger et al., 2005) . Under light source D65 (with an approximately uniform power output throughout the visible spectrum), UB selections show the highest shift ($27°) from 1.4°t o 5.7°field of view, followed by UG, UY and UR. This might be attributed to the short wavelength filtering effect of the macular pigmentation (MP). Under source A, which has a higher output in the longer wavelength region of the visible spectrum the differences between the two field sizes are smaller, the MP's effect would also be expected to be relatively smaller. CWF and TL84 light sources have a spectral power distribution with peaks roughly corresponding to the sensitivity functions representing L, M and S cones. Selections under these two light sources show an approximately similar trend. Variation in UH selections, based on field of view size, under light source CWF, which has a peak at $440 nm, is approximately 10°for UB. In the case of TL84 light source, the high output at 540 nm seemingly affects the role of MP and results in a relatively large shift ($19°) in UB selections from 1.4°to 5.7°fi elds of view. These observations seem to support the role of MP in selection of UHs under central versus near peripheral fields of view.
The mean UH selections for all illumination conditions for the 1.4°field of view in terms of the NCS Y, B, R and G sample designations were approximately Y, B, R, & G10Y and for 5.7°selections they are Y10R, B10G, R10B, & G20Y respectively.
The mean UH selections for 1.4°samples based on assessments under sources examined here are in good agreement with the average NCS system selections (with the exception of UG which varied by 1 hue step); but those based on 5.7°selections differ by approximately 1 hue step for UY, UR, UB and 2 hue steps for UG. In case of assessments based on D65 light source and 1.4°samples, mean UH selection and percentage of agreement among observers are: Y (87%), B (37%), R (57%) and G (45%). In the case of UB, in addition to B, R90B (32%) and R80B (30%) samples were also widely selected. UY selections in this study had the highest agreement among observers and corresponded well with Y in the NCS system.
In a recent study Webster et al. (2010) pointed out that achromatic and UH loci were similar, for eight observers, near the fovea at 0 and at near periphery (8°). They suggested that additional processes are likely involved to maintain constancy. The stimuli in that study were focused on a central foveal region and then focused at an angle to examine the differences between fovea and near periphery. Moreover, the experiments were done at a relatively low illumination level (25 cd/m 2 ). In the present study the focal location of the stimuli on the eye was not changed but the sample sizes differed and the illumination level was considerably higher.
In agreement with previous studies, the highest variability among observer selections for a given field of view size was for UG, while UR selections show the lowest variability for all illumination conditions (with the exception of D65/1.4°). UH selections involving the 1.4°field of view size (approximating CIE 2°Std. Obs.) cover narrower ranges of samples than those based on the 5.7°field size (approximating CIE 10°Std. Obs.), i.e. the variability is lower (with the exception of D65/1.4°). Increased variability as a result of increased stimulus size and field of view has been reported by Nerger, Vollbrecht and Ayde (1995) and for measurements of color-naming functions by Gordon and Abramov (2001) .
Changes in mean UH selections in terms of NCS notations with a change in field of view size are depicted in Fig. 5a . A clockwise shift in the mean UH selections is evident when moving from 1.4°to 5.7°selections. An interesting observation is that not only the mean UB shifts towards green by on average 1 hue step from 1.4°to 5.7°field size but the UB range also shifts towards green by on average 1.5 hue steps for all four illumination conditions, as shown in Fig. 4 . UY selection results also show a larger range for the 5.7°samples (except under D65) with mean UY shifting by approximately one hue step towards red. Nerger, Vollbrecht and Ayde (1995) reported a similar shift in assessments of UHs based on stimulus size and attributed the shift to reduced S-cone contribution. It is important however, to determine whether such shifts are repeatable. In order to determine whether variations in UH selections are statistically significantly different for lighting conditions and fields of view employed, a non-parametric MannWhitney test was used. For calculations, individual responses from observers were converted to CIELAB hue angles and averaged. The mean response from each observer according to hue was then used to determine the statistical significance (bold letters) of differences as shown in Table 3 .
Results indicate that UR selections for 1.4°and 5.7°fields are statistically significantly different for all illumination conditions. Also, differences in the selection of UY are statistically significant for D65 and CWF light sources. A potential contributing parameter is the variations in receptor cell length in the central versus near peripheral regions of the eye and the distribution of S-cones which show their peak population around 1°field of view.
Macular pigmentation and S cones
Another likely contributing factor for the differences in UH selections may be the variation in macular pigmentation in the two visual regions examined. MP density is higher in the 1.4°C ompared to 5.7°field of view. The spectral absorption of MP is highest in the blue-green region ($400-520 nm) and peaks at approximately 460 nm. The MP density drops off, following a decay function, from its high in the foveal region (0°) with increasing eccentricity and reaches almost zero at around 10°field of view. Therefore, MP's filtering effect will influence the absorption of short wavelength light, the S-cone absorption function and, possibly the interpretation of signals in the Y-B opponent chromatic channel. The magnitude of the S-cone signal at 1.4°could be approximately 1.5 times stronger than that at 5.7°. However, due to the higher density and increased spectral sensitivity of MP in the former region, the overall amount of light absorbed by S-cones would also drop at 1.4°. The balance in the amount of short-wavelength light absorbed by the MP and that processed by S-cones determines the intensity of the overall signal received from two different retinal regions studied. The computation of signals in the yellow-blue opponent chromatic channel also depends on the signals received from S, M and L cones. The function SÀ(M + L) has been used to describe the chromatic Y-B signal. An increase in S signal would enhance a bluish percept while an increase in the M + L would enhance a yellow percept (Calkins, 2001) . Since under all illumination conditions employed in this study the hue shift at 5.7°is clockwise both opponent chromatic channels seem to have been affected. For the Yellow-Blue opponent channel the reduced contribution of S signal at 5.7°would shift the response in the G-R direction, which is in line with experimental observations. This shift, however, seems to have been compensated by a shift of the R-G opponent channel response towards B-Y. Thus while the absolute mean UH responses have shifted the relative UH responses are not significantly affected and this implies that additional processes are involved to maintain a balance. It has been shown that extreme variations in L/M ratio found in women heterozygous for dichromacy seem to have no effect on their UY settings (Webster et al., 2000a) ; and that UHs remain essentially constant across the lifespan despite senescent loss of S-cone function (Schefrin & Werner, 1990) . Nonetheless, the findings in this work seem to support the potential role of variations in MP, S-cone contribution and cone distributions on UH selections for different fields of view.
Chromatic adaptation
In order to analyze the effect of different light sources on UH selections, a chromatic adaptation transform (CAT02) was also used to predict hue shifts under different illuminations. Mean predicted hue shifts, based on NCS system selections under D65 as reference, were thus calculated. Fig. 4 shows that mean selections for different light sources, do not change much for either 1.4°or 5.7°fi elds of view. The only notable changes are associated with ranges of UH selections. UY range, for instance, for 1.4°field of view shifts by one hue step towards red under CWF and TL84 sources. Selection ranges for UR are largest under D65 and smallest under source A. In the case of UG the range is also smaller under light source A. For 5.7°field of view UR selections under CWF span only two samples. Again, UY selections are shifted towards red for sources A, CWF and TL84 compared to D65. The UG range is largest under light source A while no particular shifts in UB ranges are noted. Fig. 5b shows CAT02 predicted hue shifts for each of the illumination conditions in comparison to D65 for NCS system unique hues. The magnitude and direction of the predicted shift is exemplified by the position and size of the arrows. The largest shifts are predicted for light source A. As can be seen from Fig. 4 , in the case of UY the predicted shifts agree with observers' selections. In the case of UB no major changes in either range or mean UH are noted in comparison to that based on D65. UR changes in the 1.4°samples show a narrower range for light source A and in the 5.7°samples a narrower range for CWF, compared to D65. While these could be associated with inter-and intra-observer variability in selection of samples, note must also be taken of the color rendering properties of the light sources as well as potential color inconstancy of printed objects. A comparison of results with those shown in Fig. 4 indicates that hue shifts under different light sources can be attributed, in most cases, to chromatic adaptation as predicted by CAT02. In fact, after accounting for adapted hue shifts, some of the UH selections under different sources become identical.
Color inconstancy
Samples' color inconstancy values were also obtained with D65 as reference. Color inconstancy index (CII) values in the four nominal regions of R, Y, G and B for the CIE 2°and 10°observer were determined for changes of illuminant from D65 (ref) to test illuminants (A, F2 and F11). The smallest shift was for sample G50Y from D65 to CWF (CII = 0.76), while the largest was for Y50R again for a shift from D65 to CWF (CII = 13.36). Mean color inconstancy index values for all samples from D65 to A, F2 and F11 were 4.49, 6.08 and 3.38 respectively. In order to determine the potential effect of samples' color inconstancy on observers' selections, the color difference for a single hue step for each of the R, Y, G and B hues on the NCS system with respect to their adjacent samples was calculated. Results based on CIEDE2000 are approximately 5 units, with the exception of B where a step change was approximately $11 DE units. The variation in the magnitude of hue differences among NCS unique hues adds further complexity to potential sources of variability under various light sources and may account, in part, for the variability in UH stimuli selections.
Observer variability
To compare results with those reported previously (Xiao et al., 2011) , individual observer's UH responses were converted to CIELAB hue angles using samples' measured tristimulus values. The hue circle was divided into four nominal regions (yellow, blue, red and green), separated by dashed lines in Fig. 5(a and b) , and the difference between maximum and minimum selections for samples in each region was calculated and divided by the number of samples in that region to determine the mean hue angle.
Intra-observer variability
The variability among repeated judgments for a given observer was calculated in terms of hue angles. Individual responses from each observer for each UH selection in each trial (T) were compared to those in other trials (i.e. T 1 -T 2 , T 1 -T 3 , T 2 -T 3 ). The hue differences were then averaged for each UH according to gender. The overall mean was also calculated. This procedure was repeated for each UH and for each of the light sources examined. The means as well as standard deviation, s, are shown in Table 4 . As can be seen, intra-observer variability is increased when sample sizes are increased from 1.4°to 5.7°. Mean variability for UB selections in general was found to be the highest followed by that for UG. The mean variability for UY and UR depends on the light source and field of view size examined. A source of variation in results may be the change in the macular pigmentation, type and distribution of photoreceptors and self-screening and thus higher spectral sensitivity over 5.7°than over 1.4°may be responsible for the higher variability in the larger field of view. In terms of illumination conditions, assessments under light source D65 had the highest intra-observer variability followed by those under A, TL84, and CWF light sources.
UH responses from observers did not follow a normal distribution and therefore a non-parametric Mann-Whitney test was conducted in order to determine the statistical significance of differences in results between males and females for each UH selection at 95% confidence interval. Almost for all cases, the differences in intra-observer variability between males and females were found to be insignificant (with the exception of UY that was found to be statistically different for light sources A and CWF). The variability in UH choices was less than approximately one NCS 40 hue step per hue. These ranges are in good agreement with those reported by other investigators involving monitorbased assessments as well as object colors (Gordon and Abramov, 2001; Hinks et al., 2007; Kuehni, 2004; Xiao et al., 2011) .
Inter-observer variability
In a manner similar to that described for calculation of intra-observer variability, the variability among observers' responses was calculated based on NCS hue steps and hue angles as shown in Table 5 . The individual responses from each observer from three trials were averaged to obtain their mean responses according to hue. The NCS hue circle was divided into four regions, taking into consideration observers' selections, and the mean angle for each region was calculated. The difference between the maximum and minimum mean values (i.e. range) was then calculated.
The range was then divided by the mean angle to calculate the total inter-observer variability. Assessments involving 5.7°field of view resulted in higher variability (on average for all light sources and all UHs by approximately 1.4 hue steps) than those based on 1.4°field of view. In terms of UH variations, and for the 1.4°, the largest mean inter-observer variability was for UB, followed by UG, UY and UR. This was also the case for each of the light sources examined and for each field of view. For the 5.7°, mean variability for all light sources and from highest to lowest was for UG, followed by UB and UY and then UR. The high variability in selection of UG among observers has been documented in previous studies (Kuehni, 2004; Shamey, Sedito, & Kuehni, 2010 , 2011 Xiao et al., 2011) . Variations based on hue angle, however, were found to be highest for UB, followed by UG, UY and UR. As explained earlier, this is likely due to non-uniformity of sample representation in the NCS system with significantly larger hue differences among adjacent blue samples compared to those in other regions. For the 5.7°samples assessments under light source TL84 resulted in the highest variability followed by those under CWF, D65 and A respectively. This, in part, is likely due to color rendering of the sources and color inconstancy of samples examined.
For each UH selection and light source, mean intra-observer variability (Table 4) , expressed by hue angle variation in degrees, was divided by mean inter-observer variability (Table 5) expressed by hue changes in degrees, to calculate the percentage of intra-observer variability in relation to inter-observer variability. Results are shown in Table 6 with values ranging from approximately 9-37% and with a grand mean of approximately 18.7% for all conditions. Hence, approximately 81.3% of the overall variability in responses can be attributed to differences among observers. These results are in agreement with those found in other studies (Kuehni, 2004) .
Conclusions
Unique hue stimuli were determined using Natural Color System printed samples corresponding to 1.4°and 5.7°field of view sizes. Assessments were carried out under light sources that simulated illuminants D65, A, F2 and F11. UH selections based on Other potential contributing factors for variation include differences in density, distribution and length of photoreceptors and self-screening in the two retinal regions studied. Differences in selections were statistically significant for UR. For a given field of view size mean UH selections under different light sources did not change much, though changes in selection ranges were notable. The hue shifts can be attributed, in most cases, to chromatic adaptation, as predicted by CAT02. In fact, after accounting for adapted hue shifts, some of the UH selections under different sources become identical.
In terms of overall variability among observers, results based on 1.4°sample selections were found to be less variable compared to 5.7°selections. Mean variability for all UH selections was associated with those under light source TL84, followed by those based on CWF and D65 and finally source A, likely due to their color rendering properties. UB selections exhibited the highest inter-and intra-observer variability, in terms of hue angles, followed by UG, UY and UR. These are in agreement with the magnitude of measured CIEDE2000 differences among adjacent samples in the NCS system for these hues. Observers' repeatability in trials was found to be better than their reproducibility and intra-observer variability represented on average approximately 18.7% of inter-observer variability. Thus the majority of differences are due to differences among observers.
